Circular RNAs (circRNAs) are abundantly expressed in the haematopoietic compartment, but knowledge on their diversity among blood cell types is still limited. Nevertheless, emerging data indicate an array of circRNA functions exerted through interactions with other RNAs and proteins, by translation into peptides, and circRNA involvement as regulatory molecules in many biological processes and cancer mechanisms. Interestingly, the role of specific circRNAs in leukemogenesis has been disclosed by a few studies, mostly in acute myeloid leukemia. In this study, circRNA expression in B-cells, T-cells and monocytes of healthy subjects is described, including putative new circRNA genes. Expression comparison considered 6,228 circRNAs and highlighted cell population-specific expression and exon usage patterns. Differential expression has been confirmed by qRT-PCR for circRNAs specific of B-cells (circPAX5, circAFF3, circIL4R, and circSETBP1) or T-cells (circIKZF1, circTNIK, circTXK, and circFBXW7), and for circRNAs from intronic (circBCL2) and intergenic regions that were overexpressed in lymphocytes. Starting from this resource of circRNA expression in mature blood cell populations, targeted examination identified striking and generalized upregulated expression of circPAX5, circPVT1 and circHIPK3 in pediatric B-precursor acute lymphoblastic leukemia, and disclosed circRNAs with variable expression across cytogenetic subtypes.
Results

CircRNAomes of B-, T-cell and monocyte populations. CircRNA expression in B-, T-cell and mono-
cyte populations of healthy donors was investigated using high-depth ribodepleted RNA-seq data of 12 samples, with 4 replicates for each population of cells sorted from peripheral blood mononuclear cells, PBMCs (GEO series ID: GSE110159; Supplementary Methods and Supplementary Table 1 ).
CircRNA quantification and annotation were provided by CirComPara 25 , which combined 9 circRNA detection software tools (CIRI2 26 Findcirc 27 ; CIRCexplorer2 28 on BWA 29 , STAR 30 , Segemehl 31 and TopHat2 32 aligners; DCC 33 ; circRNA_finder 34 ; and Segemehl 31 ) to obtain the most reliable backsplices. Indeed, shared output from two or more algorithms for circRNA detection has been demonstrated to reduce false positive predictions 35, 36 . CirComPara performs read pre-processing quality filters, such as adaptor trimming, read mean quality selection and filtering by read length. Moreover, CirComPara counts the linearly spliced reads aligned to the backsplice junctions of each circRNA to estimate the expression of linear transcripts expressed from the circRNA's host-gene. These values were combined with the backspliced read counts, which measure the circular expression, to compute the proportion of expression between the circular and linear isoforms (Circular to Linear expression Proportion, CLP; see Methods). Further, the CLP embeds the concept of circular to linear expression correlation, so that CLP variation across conditions conveys the rate of independence between a circRNA and its host-gene's linear expression 33 .
Overall, 68,007 circRNAs from 10,148 individual genes were detected by at least two methods. As reported by Hansen et al. 36 , the algorithms mostly agreed on highly expressed circRNAs, whereas those detected by only one algorithm had generally low read counts ( Supplementary Fig. 1 ).
Further, a sub-set of 6,228 circRNAs (from 3,323 genes) showing expression in all biological replicates of at least one cell type was retrieved and referred to as "high confidence" (HC) circRNAs (Supplementary Table 2 ). Comparison of circRNAs reported in this study with the results of Nicolet et al. 17 confirmed concordance for 83% of the 489 HC circRNAs retrieved in the previous study and disclosed 5, 824 additional HC circRNAs that were not yet investigated for expression variation in blood cell populations (Supplementary Fig. 2A ).
Of the 6,228 HC circRNAs, 5,970 and 5,821 were expressed in B-and T-cells, and 5,144 in monocytes (Fig. 1a ). The majority of circRNAs (4,763; 80%) were detected in all three cell types, including ubiquitous circZNF609 37 , circHIPK3 38 and novel circRNAs. New circRNAs (e.g. circPICALM) are likely to be specific for the haematopoietic compartment. CircRNAs shared by two cell types where mostly common between lymphocytes.
Unsupervised principal component analysis showed relatively small variation of circRNA expression profiles within replicates of the same cell population, and pointed at circRNAome differences that clearly discriminated the cell types ( Fig. 1b) .
Expression of 21 HC circRNAs was validated by RT-PCR in PBMCs of different healthy donors (Supplementary Table 3 ; Table 1 ; Fig. 1c ). This validation included exonic circRNAs from 15 different genes, two alternative isoforms of IKZF1 and of the male-specific ZFY from the Y chromosome, one circRNA (18:63280887-63281214:−) derived from circularization of 328 bp of the unique large BCL2 intron, and one circRNA from a putative new gene ("intergenic", see below). The circular structure of circRNAs was corroborated by the observed enrichment of circRNAs after RNase R treatment, and detected by qRT-PCR with divergent primers specific for the backsplice junction 14, 27 . Moreover, all predicted backsplice junctions were confirmed by Sanger sequencing.
Multiple circular isoforms and circRNAs from new genes. Nearly all circRNAs (99.4%) derived from annotated genes, prevalently with backsplice junctions overlapping known exons (98.9%). Of the 71 circRNAs with both ends in intronic regions, the most abundant ones included the lymphocyte-specific circBCL2, which was validated, circHLA-E, circRASSF3, and several circMBL1 isoforms.
Almost one half of the circRNA host genes expressed multiple (up to 20) circular isoforms each ( Fig. 1d ). Preferential backsplice junction usage and expression of one or few prevalent isoforms were observed. The highest numbers of isoforms were expressed in monocytes by AGTPBP1 (20) and PICALM (15) , and in lymphocytes by UBAP2 (19) and ATM (17) .
Thirty-four circRNAs derived from intergenic regions. Intergenic circRNAs using the same backsplice ends in different combinations identified three loci expressing multiple isoforms. Five "intergenic" circRNAs derived from a putative new gene in the Xq11.2 region (chrX:65051462-65113813) ( Supplementary Fig. 3 ). The most abundant circRNA of the locus, circX(intergenic) (X:65051462-65075912:+), previously detected in blood also by Memczak and colleagues 12 , was validated ( Fig. 1c ).
Next, we investigated to what extent the expression is in favor of circular with respect to linear transcripts overlapping the backsplice junctions. CLP values range from 0 to 1: 0 comes when no circular expression is detected, 0 < CLP < 0.5 represents circRNAs expressed less abundantly than the respective linear isoforms, 0.5 means that circular and linear transcripts have equivalent abundance, 0.5 < CLP ≤ 1 indicates circular isoforms expressed more abundantly than the respective linear transcripts. In particular, CLP = 1 when the linear expression relative to the circRNA is not detected. Interestingly, for 10 circRNAs no linear expression was detected. Moreover, the CLP was remarkably high (>0.95) for 14 circRNAs ( Supplementary Table 4 ), including circGUSBP2 and circN-BPF10, with median CLP ranging from 0.99 to 1 in all cell populations ( Supplementary Table 4 ), and circAFF2, which showed high CLP in monocytes (0.97). Preferential transcript circularization in mature blood cells of specific genes 5, 39 and/or higher stability of circular compared to linear RNAs 16, 40 could explain these findings.
Comparison between cell types disclosed cell type-specific circRNA expression and alternative circularization patterns. Next, we aimed to define differences of the B-, T-cell and monocyte population circRNAomes. Pairwise comparisons of the three populations identified overall 1,369 significantly differentially expressed circRNAs (DECs) between cell types (Supplementary Table 5 ), which derived from 880 genes. Hierarchical clustering of DEC expression profiles reflected the sets of circRNAs upregulated in each cell type ( Fig. 2a ). DECs exclusively or over-expressed in one cell type indicated population-specific circRNAs ( Fig. 2b) : 622 were characteristic of B-cells, 183 of T-cells, and 438 of monocytes (1,243 in total; Supplementary Table 5 ). Moreover, 72 DECs were upregulated in both lymphocyte populations ( Fig. 2b-d) . No significantly enriched KEGG pathways of gene ontology terms resulted for genes of B-cell-characteristic circRNAs, which nevertheless, included genes involved in the B-cell receptor signalling pathway, such as SOS2 and NFKB1, or linked to B-cell functions. On the contrary, genes expressing T-cell characteristic circRNAs were significantly enriched the T-cell receptor signaling pathway. Moreover, genes of monocyte-characteristic circRNAs significantly enriched several biological processes and pathways related to monocyte functions. Other cell type-characteristic host-genes, instead, had cell functions not directly linked to the cell of origin (Supplementary Table 6 ).
Although cell type-characteristic circRNA sets were disjoint, the overlap of gene sets that expressed specific isoforms indicated alternative cell type-specific circularization patterns. Of note, 37 genes expressed circRNAs characteristic of two cell types and accounted for 14.7% of the genes with multiple cell type-specific circRNAs ( Fig. 2c ). Four circAKT3 isoforms showed cell type-specific expression, three for B-and one for T-cells; also four circMBNL1 were cell type-specific, 3 for B-cells and one for monocytes. Moreover, six different GRK3 circular isoforms were specifically overexpressed in B-cells, whereas two others were overexpressed only in monocytes. www.nature.com/scientificreports www.nature.com/scientificreports/ Quantification by qRT-PCR in B-cells, T-cells and monocytes sorted from 5 independent healthy donors confirmed RNA-seq results for all 15 tested circRNAs, supporting data robustness and reproducibility ( Fig. 2d and Supplementary Fig. 4 ).
Significant up-regulation in B-cells of 5 circRNAs, including circAFF3 (exons 4-6), circIL4R (exons 6-7), circSETBP1 (exon 2) was confirmed. Moreover, high circRNA expression from the genomic region 9p13.2 including PAX5 ( Supplementary Fig. 5 ) was validated: circPAX5 (exons 2-5) and circZCCHC7 (exon 2) were both B-cell-specific, while a trend toward upregulation of circGRHPR in B-cells was in agreement with the estimate from the RNA-seq data. PAX5 exerts a striking role in the commitment of B-cells 41 and co-expression of PAX5 and ZCCHC7 linear transcripts was described during the progression from common lymphocyte precursors to pre-pro-B cells 42 . Suggestive of co-regulation of the 9p13.2 locus, circPAX5, circZCCHC7 and circGRHPR isoforms were all overexpressed specifically in B-cells. CircPAX5 and circZCCHC7 were previously detected in 14 . Both circZCCHC7 and circGRHPR were identified in CD34 + cells and, according to data on RNA base modification promoting efficient initiation of protein translation from circRNAs in human cells, are likely to encode peptides 10 .
Regarding T-cells, significant overexpression was confirmed for circIKZF1 (exons 2-3), circTNIK (exons 5-7), circTXK (exons 2-6) and, in agreement with previous reports 17 , for circFBXW7 (exons [3] [4] . Also an increasing trend for circZFY (exons 2-3) in T-cells and for circAFF2 (exon 3) in monocytes, in agreement with Nicolet et al. 17 , confirmed RNA-seq results, while significant upregulation of circX(intergenic) and circBCL2(intronic) in lymphocytes and of circHIPK3 (exon 2) in monocytes was validated.
Nicolet et al. 17 found 102 circRNAs differentially expressed across blood cell types and stages, 98 of which were detected in our data. In particular, 42 circRNAs resulted differentially expressed also in our comparison, 31 of which were cell type-specific. Overall, our data where in agreement with circRNA clusters previously associated to mature cell populations ( Supplementary Fig. 2b ). CircRNAs previously assigned to lymphoid cell-specific clusters showed the highest expression in B-cells or T-cells, including circZCCHC7 and circFBXW7 that we experimentally validated. Nine out of 10 circRNAs previously deemed as monocyte-specific were recalled by our analysis being more expressed in monocytes, including circAFF2. However, the majority of the 1,243 circRNAs defined as cell type-specific in the present study, including 11 out of 15 circRNAs for which cell type-specific overexpression was confirmed by qRT-PCR in this study (Fig. 2d ), were not represented in the clusters defined by Nicolet et al.
Next, we inspected whether the abundance of circular isoforms with respect to linear expression was altered between the cell types. CLP variations across sample conditions indicate the rate of independence between a circRNA and the host-gene linear expression. First, we observed that the number of circRNAs with more abundant circular expression proportion (CLP > 0.5) was highest in lymphoid cells (185 in monocytes, 333 and 364 in B-cells and T-cells, respectively), which is in accordance with previous observations on a smaller set of circRNAs 17 . Then, we identified 687 circRNAs (from 495 genes) with host-gene independent expression (Supplementary Table 7 ). Among DECs, 163 had significant variation of circular expression proportion between cell types in agreement to the differential absolute expression, indicating that observed variations of these circRNA expression level across cell populations are not due to a corresponding variation of linear expression. CircIKZF1, for which upregulation in T-cells was validated, was also expressed with high CLP in T-cells. In particular, 25 circRNAs showed high and significantly varied circular expression proportion ( Supplementary Fig. 6 ), including the validated circX(intergenic) and three additional intergenic circRNAs, all overexpressed in B-and T-cells. CircSMARCA5 had the highest absolute and relative circular expression in B-cells, while it was significantly lower in T-cell and lowest in monocytes ( Supplementary Fig. 7 ).
Expression of circRNAs in six cytogenetic subtypes of B-cell precursor acute lymphoblastic leukemia.
Starting from the above described transcriptome-wide circRNA resource, the expression and possible deregulation of circRNAs in BCP-ALL was examined for a target set of circRNAs. The selected circRNAs showed lymphocyte specificity and/or derived from leukemia-associated loci. Following these criteria, ten of the circRNAs with validated upregulation in B-cells, T-cells or in both lymphocyte populations (Fig. 2d) were selected for quantification in BCP-ALL, including circRNAs from known genes (AFF2, AFF3, BCL2, FBXW7, IKZF1, IL4R, PAX5, SETBP1 and ZCCHC7) and the newly identified circX(intergenic) highly expressed in lymphocytes. In addition, circZFY, a circRNA expressed at a high level in blood cells of male subjects; circHIPK3, for which oncogenic properties are known in solid cancers 43 ; and circPVT1, recently linked to acute lymphoblastic leukemia 22 , were included.
Expression of the 13 selected circRNAs was measured by qRT-PCR in 32 BCP-ALL patient-derived xenograft (PDX) samples (Supplementary Table 8 ).
All leukemic samples together were first compared with B-cells from healthy donors ( Supplementary Fig. 8 and Fig. 3a) to check for deregulated circRNA expression in leukemic cells. For seven circRNAs the expression was significantly different in ALL samples compared with B-cells. CircIL4R, circZCCHC7 and circX(intergenic), all highly expressed in lymphocytes, were less expressed in ALL. Conversely, overexpression of circAFF3, cir-cHIPK3, circPVT1 and circPAX5 in BCP-ALL emerged. Differently from circPVT1 and circHIPK3, a functional characterization of circPAX5 and circAFF3 is still lacking. Thus, custom functional predictions, in terms of possible miRNA-binding sites, RNA binding protein (RBP) binding sites, and coding potential were obtained ( Fig. 3b and Supplementary Fig. 9 ).
Further, we explored expression of the target set of circRNAs across the main BCP-ALL cytogenetic subtypes (Fig. 3a) . Cytogenetic subtypes are characterized by specific genetic lesions, including recurrent translocations (MLL rearrangements, BCR/ABL, ETV6-RUNX1, and TCF3-PBX1 fusions) and hyperdiploid karyotype. Cytogenetic subtype characterization is instrumental for risk prognosis and treatment stratification of leukemia patients. Leukemic cells of different subtypes have distinct biological features, gene expression profiles and specific miRNA signatures 44, 45 . In this context, novel information about the heterogeneous nature of acute leukemias was added by the observed significant circRNA expression differences among cytogenetic subtypes (Fig. 3a) . CircAFF2 was highly expressed in TCF3-PBX1 BCP-ALL and, to a lesser extent, in ETV6-RUNX1 BCP-ALL, compared to B-cells and other cytogenetic BCP-ALL subgroups. CircBCL2(intronic) was upregulated in ALL with ETV6-RUNX1 fusions. CircSETBP1 and circX(intergenic) were both very reduced in MLL rearranged samples. CircIKZF1 was lower in BCR-ABL and hyperdiploid leukemias compared with the ETV6-RUNX1 subtype, in which the expression was conserved at levels comparable with B-cells.
Discussion
This study disclosed the circRNAomes of B-, T-cell and monocyte populations, first providing a large catalogue of circRNAs expressed in normal B-, T-cell and monocytes. Comparison of the cell population circRNA expression profiles confirmed previous findings on variable circRNA expression among different blood cells 17 and further suggested hundreds of circRNAs with cell type-specific expression. Moreover, complex patterns of cell type-specific alternative circularization were disclosed. These results were backed up by qRT-PCR validations in independent samples for selected circRNAs.
We speculate that at least some of the circRNAs with high cell type-specific expression could be involved in the regulation or maintenance of the specific cell functions. Functional data were available only for a few of the cir-cRNAs that we validated for specific overexpression, and when available, they were often from a different context (Table 1) . For instance, circFBXW7, overexpressed in T-cells, was shown to suppress cancerogenesis and malignant progression in solid tumors, and to encode a 185 amino acids functional peptide 46 . Besides, circZCCHC7, highly expressed in lymphocytes, was shown to be associated to polysomes in 293 and HeLa cells 10 . Therefore, further functional experiments, like circRNA overexpression or knockdown, will be required to elucidate the role of specific circRNAs in normal haematopoiesis.
In a prospective view toward understanding translational relevance of our findings, the second part of the study reported deregulation of circRNAs in BCP-ALL disclosed by screening of a target set of circRNAs in six cytogenetic subtypes. Considering circRNAs dowregulated in BCP-ALL, circIL4R showed deregulated expression also in hepatocellular carcinoma 47 . CircX(intergenic), highly expressed in lymphocytes and less expressed in ALL, could derive from an unannotated gene that produces only circularized transcripts.
Moreover, four circRNAs were markedly upregulated in BCP-ALL: circPVT1, circHIPK3, circPAX5 and cir-cAFF3. Observed circPVT1 upregulation in pediatric BCP-ALL is in line with previous reports of various cancer types 48 including ALL 22 . CircPVT1, originating from a cancer susceptibility locus including the oncofoetal lncRNA PVT1 and MYC, was first detected in gastric cancer, where upregulation promotes cell proliferation by sponging members of the miR-125 family 49 . As recently reviewed 48, 50 , functional studies showed circPVT1 oncogenic properties in solid tumours: circPVT1 sponges different tumour suppressor miRNAs and hence derepresses expression of oncogenic proteins, ultimately promoting tumor-associated phenotypes like proliferation, invasion, angiogenesis and drug resistance. Plus, circPVT1 levels significantly impact drug response in multiple myeloma 51 highlighting its therapeutic potential. CircPVT1, but not PVT1 linear transcript, was shown to be upregulated in bone marrow of adult ALL patients 22 . Knockdown of circPVT1 in B-and T-ALL cell lines arrested cell growth and induced apoptosis through inhibition of c-Myc and Bcl-2 expression mediated by sponging of miR-125 and miR-let7. Recently, Tashiro et al. 52 reported the potency of circPVT1 to encode a protein of 140 amino acids. Our data are the first observation of a general upregulation of circPVT1 in specimens of pediatric patients with BCP-ALL. In non-small cell lung cancer, Qin et al. 53 showed that circPVT1 regulates Bcl-2 expression by sponging miR-497. The tumour suppressor role of miR-497 in cancer entities, including BCP-ALL 54 advocates mechanistic investigation of the circPVT1-miR-497 axis in these leukemias.
CircHIPK3 is a conserved and highly expressed circRNA. Previous studies showed a cytoplasmic location for circHIPK3 and indicated that it is unlikely to be translated, albeit containing the canonical AUG of the associated linear transcripts 38 . CircHIPK3 upregulation was reported in various solid cancers and linked to the reduction of the suppressive activity of several miRNAs 43 , with potential functional implications. CircHIPK3 binding to miR-124 was indeed able to restore expression of miRNA targets sustaining cell proliferation in lung cancer and hepatocellular carcinoma 55, 56 . In light of available data, upregulation of circHIPK3 could influence the growth of leukemic cells as well.
The upregulation of circPAX5 in leukemic cells is a new finding, which is worth investigating further to clarify if circPAX5 plays a role in normal haematopoiesis, and explore possible involvement in the disease mechanism. The circPAX5 specific expression in B-cells could point at a cooperating role with the linear transcript that codes for a key B-lineage transcription factor. Predicted binding sites for miRNAs on circPAX5 ( Fig. 3b and Supplementary Fig. 9 ) included miR-124, for which circHIPK3 acts as a sponge 55, 56 , and suggested a possible synergy of circRNAs upregulated in leukemic cells. CircPAX5 presented a translation start site in exon 3 wuthouth stop codons afterwards to interrupt the ORF spanning the backsplicing.
Expression of the B-cell specific circAFF3 increased around four times in BCP-ALL. CircAFF3 has putative recognition motifs for several miRNAs, including miR-296-5p, an antimetastatic miRNA whose sequestration by another circRNA was previously linked to cancer 57, 58 . In addition, multiple putative binding sites for members of the serine/arginine-rich splicing factor family linked to leukemogenesis 58 , and a 215 aa ORF were predicted for circAFF3 ( Fig. 3b and Supplementary Fig. 9 ).
In conclusion, our data advanced the knowledge of the circular transcriptome in normal hematopoiesis and, besides encouraging future in depth investigation of circRNAs in even more defined sub-populations and blood cell differentiation and maturation stages, may be useful for mechanistic studies of circRNAs in blood cell biology. CircRNA deregulation in patient-derived BCP-ALL samples disclosed by our targeted analysis definitely advocates a multi modal strategy of leukemia transcriptome investigation that integrates linear, circular and miRNAs, instructing also functional investigation of specific circRNAs. Total RNA was extracted with TRIzol reagent (Thermo Fisher Scientific, Waltham, Massachusetts) and precipitated with isopropanol. All samples showed a RNA integrity number (RIN) > 7, assessed with Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). RNA libraries were prepared with the TruSeq Stranded Total RNA Ribo-Zero Gold kit. Paired-end reads 100-125 bp long were sequenced with an Illumina ® HiSeq2000 (San Diego, CA, USA) at an average sequencing depth of 147 million reads per sample (8 453.25 million bases; Supplementary  Table 1 ). All experiments involving human material followed the principles outlined in the Helsinki Declaration of 1964, as revised in 2000, and informed consent has been obtained for all the participants. The study has been approved by the ethics committee of Padova University Hospital and written informed consent was obtained from all subjects.
Methods
CircRNA detection and quantification. The analysis was based on the Ensembl GRCh38 human genome and annotation v87.
CircRNAs were detected and quantified by CirComPara v0.6 25 using 9 backsplice detection methods (CIRI2 v2.0.2 26 60 .
CirComPara preprocessed raw reads with Trimmomatic v0.38 61 to remove residual adapters and select reads by quality and length. Read linear mapping to the human genome was performed with HISAT2 v2.0.4 62 .
CirComPara implements circular to linear ratio as described in 33 Differential expression. Differential expression in pairwise comparisons between the three cell types was assessed by DESeq2 63 (v1.22.2) with local fit, model including sex factor, fold change shrinkage, Wald significance tests, no independent filtering and poscounts normalization. P-values were corrected for multiple tests with the Benjamini Hochberg procedure considering at once all the tests performed in all the contrasts. Adjusted p-values ≤ 0.05 were chosen to select the significantly differentially expressed circRNAs.
CircRNA to host-gene linear expression variation was assessed using CircTest 33 v0.1.1 and selecting adjusted p-values ≤ 0.05.
Circular to linear expression proportion (CLP) for each circRNA was computed as in 33 :
circular reads circular reads linear reads CLP = + Graphics were generated with the ggplot2 v3. Experimental validations. Validation of 21 circRNAs was performed on pooled total or RNase R treated RNA of PBMCs from 4 healthy donors to test resistance to RNase R treatment. For 15 of the validated circRNAs qRT-PCR quantification in B-cells, T-cells and monocytes from 5 healthy donors, isolated as described above, was obtained. Moreover, 13 circRNAs were quantified in patient-derived xenograft samples of pediatric BCP-ALL obtained as previously described 65 .
Leukemia samples were obtained from pediatric BCP-ALL patients at diagnosis or relapse upon informed consent of patients and/or their legal guardians in accordance with the institution's ethical review boards. All animal experiments were approved by the appropriate authority (Regierungspräsidium Tübingen) and carried out following the national animal welfare guidelines.
Total RNA was isolated by TRIzol ™ (Thermo Fisher Scientific) extraction, followed by isopropanol precipitation. PBMC RNA was treated with 4 u RNase R/µg (Epicentre) at 37 °C for 15 min and with 5 µl of DNase I (Zymo Research) at room temperature for 15 min. RNA was then purified with RNA Clean & Concentrator ™ −5 (Zymo Research) and quantified with Nanodrop. Reverse Transcription was performed from 500 ng RNA with SuperScriptII (Thermo Fisher Scientific), with random primers (Thermo Fisher Scientific). Divergent primers ( Supplementary Table 3 qRT-PCR was performed with technical triplicates with SsoAdvanced Universal SYBR Green Supermix (BioRad) in 10 µl per well, from 5 ng cDNA, 500 nM primers. The reaction was incubated in CFX Connect Real-Time PCR Detection System (BioRad) with the following protocol: 95 °C for 30 sec; 40 cycles: 95 °C for 5 sec, 58 °C for 30 sec. C q were calculated with CFX Maestro ™ Software (BioRad). Relative expression is expressed as 2 −∆Cq (sample)/average 2 −∆Cq (B-cells), where ∆C q = C q (target gene) -Cq (reference gene: B2M). B2M was chosen with NormFinder 68 as reference gene among three tested (B2M, GAPDH, HPRT). Statistical significance of differential expression was calculated for comparisons between B-cells, T-cells and monocytes and BCP-ALL vs B-cells with Mann Whitney U-test; for multiple comparison of different genetic subgroups with Kruskal-Wallis test, corrected with the Benjamini, Krieger and Yekuteli procedure. Tests were performed with Prism v7 (GraphPad).
Functional predictions.
Putative circAFF3 and circPAX5 sequences were assembled joining annotated exons comprised in the genomic coordinates corresponding to the validated backplice ends.
MiRNA binding sites were predicted using miRanda 69 , and only target sites with a score in the highest 10% and energy in the lower 10% were considered. Recognition motifs for RNA binding proteins were predicted using beRBP 70 , keeping only sequence motifs with voteFrac score in highest 10%.
Open reading frames of at least 150 nt were predicted using ORFfinder 71 further keeping only the longest ORF spanning the backsplice.
